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Abstract 
The multivariate rotation method of shape analysis (Parks, 1981; 1982) 
was applied to the digitized two-dimensional silhouettes of 5800 pebbles of 
various lithologies collected from glacial, glaciofluvial, and fluvial sedimentary 
environments in the Jackson Hole Basin and Gros Ventre Canyon areas of 
northwest Wyoming. The resulting thirty-six equiangular radial lengths, 
reference-rotated to a common orientation, were further reduced to six estimated 
factor scores for each pebble by the application of a modified R-Mode factor 
analysis, retaining 96. 7% of the original shape information. Polar coordinate 
plots of the factor loadings revealed that each factor represented a unique 
component of shape which was quantified by its corresponding factor score. 
-· 
Based on the distribution of estimated factor scores, most samples were 
determined to be compose_d of bimodal or polymodal shape subpopulations. 
Statistical comparison (Hotelling's T-squared test) of mean estimated factor 
scores between samples consistently discriminated between deposits from glacial ;' 
and flu via] environments, however, modern fluvial deposits were not easily 
differentiable from proglacial outwash deposits. ln addition, the estimated factor 
sco-res of recycled fluvial quartzite pebbles were statistically distinguishable from 
locally derived limestone, sandstone, an.d granite-gneiss pebbles. Visual 
comparisons of mean estimated factor score plots were in general agreement with 
·statistical comparisons.. 
Factor 3, representative of a triangular component- of shape, exhibited the 
greatest variability between samples and provided the basis for discrimination 
between samples with different shape stgnatures. A Q-Mode factor analysis 
applied to the factor 3 scores for the entire sample population revealed that 
1 
,J 
• 
96% of the variability in the data could be accounted for by two distinct 
composite end-member shape types. Each sample was composed of a linear 
. . 
combination of these end-member shape types in specific proportions. For a 
large majority of the samples, glacially transported deposits were found to 
possess a signature dominated by shape type 1, indicating the presence of a 
triangular component of shape in a large proportion of the pebbles. Conversely, 
fluvially transported deposits exhibited a predominantly shape type 2 signature, 
suggesting an absence of a triangular component of shape in a majority of the 
pebbles. Deposits consisting of a mixture of pebbles transported. by different 
processes and some glacial deposits containing a majority of reworked fluvial 
quartzite pebbles were characterized by anomalous shape signatures. 
Pebble shape is influenced by the complex interactions of a variety of 
factors, including the medium, mode, and distance- of transport, the nature of 
the source materials, and the nature and intensity of weathering. The end 
result of these interactions is the selective shape sorting of the pebbles within a 
·given deposit during transport. Pebbles transported over a sufficient distance 
wi~l acquire a s·hape signature characteristic of both the medium and mode of 
transport, and reflective of the various weathering mechanisms which the pebbles 
encounter during transport. This distance is ultimately determined by lithology, 
since lithology controls resistance to weathering and thus the rate at which 
pebble morphogenesis occurs. When pebbles are deposited, their shape signature 
becomes preserved in the sedimentary record, providing valuable information as 
to the predepositional history of the deposit. 
·. I 
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Chapter 1 
Introduction 
Shape is a property of pebbles which is influenced by the complex 
interactions of a variety of factors. Blatt, et. al. (1980) identify the primary 
factors contributing to the origin of particle shape as: 
1. the nature of the source materials, including litholo~y and texture; 
2. the nature and intensity of weathering; and, 
3. chemical corrosion and mechanical abrasion (including both actual 
breaking of pebbles and attrition of corners and surfaces) during 
sediment transport. 
The actual mechanisms by which changes in pebble shape occur include 
splitting, crushing, chipping, grinding, and chemical dissolutibn. Although the 
relative importance of these mechan.isms is not well understood, this is believed 
to be dependent upon both the medium and mode of sediment transport (Bl;i.tt, 
et. al., 1980). Previous studies suggest, .however, that it is not necessary to 
fully understand the complex interactions of these factors to use pebble shape as 
a valuable interpretive tool in sedimentological studies. 
Pebble shape analysis has been utilized in a variety of studies which 
attempt to decipher the transport history of sedimentary deposits, to determine 
the degree of selective shape sorting during transport, and to identify the 
variables which influence pebble morphogenesis. Although the value of pebble 
shape as a useful diagnostic property of sedimentary deposits is well 
documented, ·an objective, qua·ntitative shape analysis technique which can be 
automated to produce rapid, precise results has not yet been developed (Blatt, 
et. al., 1980). The multivariate rotation method of Parks (1981, 1982, 1983a, 
3 
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1983b), which has been successfully applied to quartz grains ( Collins, 1983; 
. ,, 
Gibson, 1985; Blanchard, 1986) and carbonate sands (Mengel, 1985), shows 
considerable promise in pebble shape studies, an application which has not yet 
been attempted. 
This study applies the multivariate rotation method of shape analysis to a 
suite of pebbles from a variety of deposits in the Jackson Hole - Gros Ventre 
River Area of Teton County, Wyoming, in order to fulfill the following primary 
objectives: 
1. to establish the ability of the multivariate rotation method of shape 
analysis to quantitatively distinguish between observed variations in 
pebble shape; 
2. to examine the resolving power of the multivariate rotation method 
with respect to more subtle variations in pebble shape which are not 
readily apparent; 
3. to determine the nature of pebble shape distributions within deposits 
of different origins; 
4. to evaluate the relative importance and possible effects of transport 
processes, weathering mechanisms, and lithology on pebble 
morphogenesis; 
5. to utilize the results of _pebble shape analysis to· decipher the 
predepositional history of sedimentary deposits; and, 
6. to provide preliminary results to aid in the design of future pebble 
shape studies which utilize the multivariate rotation method. 
4 
Chapter 2 
Previous Work 
A number of workers have proposed and applied various methods of shape 
,. ' 
analysis to pebbles, realizing that shape is 
I 
an inherent property of pebbles 
acquired by their response to geological processes. The earliest of these methods 
were purely qualitative, generally based on visual comparison with predefined 
standard shapes. More recent methods have incorporated some quantitative 
aspect by attempting to define one or more universal numerical shape 
descriptors or indices. 
Wentworth (1919) :first introduced the concept of "roundness" and 
proposed a roundness scale based on the sharpness of pebble corners and edges. 
Later workers (Wadell, 1932, 1933; Powers, 1958) have modified Wentworth's 
rcn1ndness scale by estimating average roundness of corners and incorporating a 
measurement of convexity of pebble outlines. Wadell ( 1932, 1933) recognized 
that pebble -form, roundness, and surface texture are independent properties of 
shape, .as one can vary considerably with:out affecting the other two. He 
proposed a measure of "sphericity" to describe pebble form based on deviations 
from a perfect sphere. 
Following the introduction of the sph·ericity concept by Wadell (1932, 
1933), most investigators of pebble shape have focused their efforts on the 
aspect of form, or gross overall shape~ A number of measurements of pebble 
form have been proposed, which include elongation, flatness, angularity, and 
variations thereof. Virtually -all parameters of pebble form are based on the 
measurement of the longest, shortest, and intermediate orthogo.nal axes (Barrett, 
1980). These measurements are generally expressed as axial ratios, thus 
5 
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reducing '8umber of independent variables from three to two and eliminating 
the dependency of these variables on pebble size. 
Studies on the finer scale or textural elements of pebble shape are 
generally lacking, primarily due to the difficulty of expressing surface texture in 
quantitative terms. Purely qualitative textural classifications of pebble 
roughness and smoothness have been suggested, however numerical parameters 
have yet to be proposed (Barrett, 1980). 
A detailed historical review of the most commonly used methods of shape 
analysis and the associated mathematics has been prepared by Barrett ( 1980). 
He concluded that difficulties in applying aspects of pebble shape as geological 
evidence remain considerable. Existing methods are limited in that their 
discriminating p.ower is low compared with most other sedimentological 
procedures. Also, even the most quantitative methods involve some degree of 
subjective assessment. Further limitation arises from the observation that shape 
is influenced by the complex interaction of a variety of factors, and thus 
geological interpretations based solely on pebble shape studies remain difficult. 
Despite the obvious shortcomings of existing pebble shape procedures, 
several prominent studies have yielded significant conclusions. Using a measure 
of equidimensionality ·or "maximum projection sphericity", Sneed and Folk 
(1958) suggested that the spheric"ity of flu vial pebbles is dependent upon the 
\ 
inherent abrasional properties of different lithologies and distance of transport. 
Holmes -(1960) concltJded that ,Nith increasing distance of transport, glacial 
pebbles increase in roundness, although rates of cha.nge are largely dependent on 
the relative resistances of different lithologies to abrasion. 
In a detailed an.alysis of pebble shape by King and Buckley (1968), pebbles 
6 
were collected from a variety of geologic environments. l\.1easurernents of 
roundness, sphericity, and flatness were made on over 3000 pebbles. Results of 
this study suggested that sphericity and flatness depend primarily on lithology 
whereas roundness is largely a product of transport processes. In addition, 
through statistical analysis of roundness and size data, different depositional 
I 
environments could be distinguished and deposits of uncertain origin were 
classified based on statistical comparisons with those of known origin. 
Although the results and conclusions of the aforementioned pebble shape 
studies may be intuitively obvious, they demonstrate the value of pebble shape 
analysis as a useful tool in sedimentological studies. The use of inconsistent 
nomenclature to describe pebble shape in previous studies, however, makes it 
difficult to compare the results of different workers. As a result, several 
authors have recognized the need for a purely objective and quantitative shape 
analysis technique which can be automated to ·produce rapid, precise results 
(Barrett, 1980; B1att, et. al., 1980; Clark, 1981). 
Barrett (1980) stat_ed that any parameter used to describe pebble shape 
sh·ould represent an aspect that has some physical significance, so it can readily 
be related to processes that determine shape. Additionally, he suggested that 
the parameter should represent a combination of measurements from the same 
aspect of shape fie. form, roundness, or surface textu.re). In a. detailed 
discussion on the development of an ideal set of shape "descriptors", Clark 
( 1981) suggested that these descriptors should be: 
1. unique to a given two-dimensional shape; 
., 
2. parsimonious in that all useful shape information should be contained 
in as few descriptors as possible; 
7 
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3. independent from one another so that those which do not contribute 
greatly to the description may be eliminated without the need to 
recalculate others; ,. · · 
4. rotation invariant or independent of orientation; 
5. size invariant so that shape is essentially dimensionless; and, 
6. reflection invariant so that an outline and its mirror image- will 
produce the same shape signature. 
Recent advances in computer technology have allowed for the development 
of more objective and quantitative techniques of shape analysis which previuosly 
would not have been f~asible (Boon, et. al., 1982). The most notable of these 
is the Fourier method, initially proposed by Schwartcz and Shane (1969) and 
Ehrlich and Weinberg (1970). In the Fourier method, a two-dimensional 
projection of the sample outline is re(:orded as a series of polar coordinates. 
This outline is then "unrolled" about its center of mass. The unrolled outline 
describes a periodic function which is fitted to a Fourier series and expressed as 
a set of harmonic amplitudes and phase angles. The harmonic a.mpli.tudes serve 
as shape descriptors which can be analyzed by a variety of statistical 
techniques. 
The Fourier method of shape analysis has been widely applied to sand-
sized quartz grains for provenance determination (Ehrlich, et. al., 197 4; "\' arus, 
et. al., 1976; Hudson and Ehrlich, 1980; Dowdeswell, 1982) and in stratigraphic 
studies (Mrakovitch, et. al., 1976; Mazzullo and Ehrlich, 1980). The only 
noteworthy application of Fourier analysis to pebble shape utilized the. "modified 
Fourier method" of Czarnecka and Gillott {1977a, 1977b ). This method uses 
Foµrier harmonic amplitude spectra to calculate distinct shape and surface 
tex.ture coefficients which are then combined into a "total roughness value". 
8 
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Based~overall shape and surface texture variations identified by the modified 
Fourier method, pebbles of different lithology, provenance, and size were 
f I 
distinguished ( Czarnecka and Gillott, 1980). 
Although the potential of the Fourier method has been clearly 
demonstrated by the aforementioned studies, several significant limitations must 
be addressed. Although the harmonic amplitude spectra generated during the 
Fourier procedure are orientation invariant (Schwarcz and Shane, 1969; Ehrlich 
,r 
and Weinberg, 1970), the associated phase angle spectra are rotation dependent 
(Clark, 1981). Because of this dependency on grain orientation, phase angles 
are generally not utilized in the Fourier method, resulting in the exclusion of 
significant shape information. Therefore, interpretation of Fourier results with 
respect to the physical significance of pebble shape and its possible origins is 
difficult at best. 
Another problem associated with th.e exclusion of phase angle information 
from the overall shape analysis procedure is non uniqueness. Parks ( 1981, 1982) 
demonstrated that two or more distinctly different two-dimensional outlines 
could generate identical harmonic amplitude ~pectra if phase angle information 
was disregarded. Thus, Fourier results are somewhat ambiguous in that any 
apparent similarity observed between the harmonic amplitudes of different 
samples may be fortuitious. 
The m·ultivariate rotation method, developed by Parks 
, alternative shape analysis technjque which overcomes many 
(1981) 
of the 
.. 
1s an 
.. 
maJor 
limitations of the Fourier method. All essential shape information is retained 
and utilized in the multivariate rotation procedure. In addition, no manual 
" 
orientation or rotation of samples is necessary,, as this step is automated within 
9 
., 
,.. 
the procedure itself. As a result, none of the shape information obtained from 
the multivariate rotation method is dependent upon initial two-dimensional 
sample orientation, as are the phase angles in the Fourier method. 
In the multivariate rotation method, randomly oriented sample outlines are 
digitized as a set of two dimensional orthogonal ( X, Y) coordinate pairs. A 
theoretical center of mass is determined for the area enclosed by these points. 
Thirty-six radial lengths, spaced at ten degree intervals, are then calculated, 
essentially converting the original orthogonal coordinates to polar coordinates 
( r,8), with the center of mass defining the origin. Next, th.e thirty-six polar 
coordinate pairs for each sample are rotated at ten degree increments and 
compared to those of an empirically derived reference shape. Following a final 
one degree adjustment or "fine-tuning", the radial lengths are reordered to 
reflect the least-squares best-fit correlation with the oriented reference shape. 
I 
To further reduce the number of <lat-a points in each sample, a modified 
R-Mode factor analysis is applied to each set of rotated radial lengths. 
Estimated factor scores which account for at least 90% of the variance in the 
data are generated for each sample by the R-Mode analysis. A preselected 
reference sample is utilized in the R-Mode procedure so that the factor scores 
for each sample are estimated with respect to a set of common orthogonal 
reference axes, thus ensuring the validity of later comparisons between samples. 
Any n u·mber of statistical tests can then be applied to the factor scores, these 
being determined by the objectives of the particular study. 
The multivariate rotation method of shape analysis has been applied to 
quartz • grains (P-arks, 1982, 1983a, 1983b; Collins, 1983; Gibson, 1985; 
Blanchard, 1986) and carbonate sands (Mengel, 1985.). Gipson (1985) was able 
10 
.• 
0 
, 
to position a sandstone of unknown origin ( the Sand Hills Outlier) into a 
regional stratigraphic framework (Middle Atlantic Coastal Plain Cenozoic) based 
on results of the multivariate rotation method. Because of its potential 
advantages over the Fourier method, the multivariate rotation method shows 
considerable promise in pebble shape studies, an application which previously has 
not been attempted. 
11 
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Chapter 3 
Study Area 
The selection of an approprif1,te study area from which to collect pebbles 
I 
for shape analysis was I critical in meeting the objectives of this study. It was 
essential that the regional deposits represented several distinct transport and 
depositional processes as well as a variety of lithologies with different inherent 
abrasional properties. Also, it was necessary that deposits within the study 
area were the subject of previous investigations so the results could be related 
to existing interpretations. Finally, since several hundred pounds of pebbles 
were to be collected, it was important that the deposits be relatively accessible. I 
In consideration of th.ese primary criteria, the Jackson Hole - Gros Ventre River 
area of Wyoming was selected as the study area (Figure 3-1'). 
3.1 Regional Setting 
The study area is located in northwestern Wyoming between 43°30' and 
43°50' North latitude and 110°15' and 110°50' West longitude. This area 
includes most of· the Jackson Hole Basin and extends approximately 25 miles 
(40 km.) into the Gros Ventre River Canyon and the lower reaches of its 
tributari~s. The study area lies in the Middle Rocky Mountain Physiographic 
Province and is bounded by the Teton Range to the west, the Gros Ventre 
Range and the town of Jackson to the south, the Wind River Range to the 
east, and the Mt. Leidy Highlands and the Yellowstone Plateau to the north. 
Major drainages in the study area include th_e Snake River, the Gros Ventre 
River, and Crystal Creek. Figure 3-·2 shows the major physiographic features of 
northwest Wyoming. 
12 
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3.2 Bedrock Geology 
Early studies of the bedrock geology and associated sedimentary deposits 
within the study area can be traced~ back in the literature to 1873 (Lagas, 
1984). Maps detailing the geology of the study area and surrounding regions 
have been prepared by a number of workers, including Swenson (1949), Love, 
et. al. (1951), Keefer (1952), and Horberg and Love (1955). A generalized 
' 
bedrock map of Teton County was compiled by the Wyoming Geological 
Association {1956) and subsequently refined by Love and Reed (1971) (Figure 
3-3). The bedrock in and around the study area ranges • 1n age from 
Precambrian to late Tertiary. Unconsolidated Quaternary sediments cover much 
of the Jackson Hole Basin and low lying areas of the Gros Ventre River Valley 
and its tributaries. 
- The Precambrian rocks which outc~op within the study area include a 
variety of igneous and metamorphic rock types. Granites, schists, and granite-
gneisses are exposed near the headwaters of Crystal Creek and several other 
tributaries within the Gros Ventre drainage system. A large area of 
Precambrian basement is also exposed along the western margin of the study 
area, forming the eastern flank of the Teton Range. The oldest of these rocks 
are layered gneisse~ and schists, which occur over wide ~reas at the northern 
and southern- ends of the range and. as isolated masses near the center. 
Y oun-ger granites and granite-gneisses form the high peaks of the Teton Range 
and much -of the central eastern flank adjacent to the Jackson Hole Basin. The 
youngest Precambrian rocks in the study area are small to large scale diabase 
and pegmatite dikes which crosscut the older granites ~nd layered metamorphics 
throughout the Teton Range. 
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The thick Paleozoic sedimentary sequence in and around the study area 
reflects deposition into and along the margins of shallow seas. These units are 
prima.rily marine limestones and dolomites with occasional fine to medium 
···· ..,., 
grained elastics. The Paleozoic sequence is widely exposed along the north flank 
of the Gros Ventre Range, along the north and west flanks of the Teton Range, 
and in the southern end of the Jackson Hole Basin. 
Alternating marine, transitional, and continental conditions prevailed in the 
study area during the Mesozoic. Mixed continental and marine limestones, 
r 
shales, sandstones, and siltstones reflect multiple transgressive/regressive 
sequences. These interbedded Mesozoic units are exposed in the Gros Ventre 
River Valley and along the eastern edge of the Jackson Hole Basin. Scattered 
outcrops are also observed at the extreme northern end of the Teton Range and 
in southernmost Jackson Hole. 
Following the final retreat of Mesozoic seas, mountain building and basin 
subsidence dominated the early Tertiary. Rapid erosion of uplifted areas 
resulted in the deposition of thick sand and gravel sequences into adjacent 
basins. In addition to thes·e thick layers of conglomerate and coarse sandstone, 
occasional lacustrine deposits are observed in the Tertiary record where lakes 
were dammed behind tilted fault blocks. These Tertiary sediments underly the 
unconsolidated Quaternary deposits in much of the Jackson Hole Basin and are 
exposed in the Mt. Leidy and Pinyon Peak. Highlands northeast of the study 
area. 
Volcanic activity associated with continued uplift and subsidence into the 
late Tertiary resulted in the accumulation of rhyolite, andesite, basalt, and tuff. 
Although not exposed in the study area, these Tertiary volcanics form the 
17 
Yellowstone Plateau, an extensive feature to the north. 
3.3 Surficial Geology 
Minor crustal movement and volcanic activity continued into the early 
Quaternary, however the present morphology of the study area is primarily the 
result of glaciation with associated flu vial activity, gravitational mass wasting, 
and modern fluvial processes (Lagas, 1984). The Gros Ventre River and its 
tributary canyons are characterized by steep cirque headwalls, U-shaped profiles, 
truncated spurs, and large hummocky moraine deposits. Much of the floor of 
the Jackson Hole Basin and low lying areas within the Gros Ventre Canyon are 
covered by broad, flat outwash plains with multiple terrace levels. Lacustrine 
silts and clays, deposited into lakes impounded by moraines and landslide debris 
are also observed. Modern analogs of these preexisting lakes 
• 
now occur 1n 
Jackson Hole ( Jackson Lake, Leigh Lake, Jenny Lake, Bradley Lak.e, Taggart 
Lake, and Phelps Lake) and along the Gros Ventre River (Upper Slide Lake 
and Lower Slide Lake). 
The deposits of the study area have been the subject of previous 
investigations focusing on the glacial history of Jackson Hole (Fryxell, 1930) and 
the Gros V tntre Canyon (Lagas, 1984 ). These studies propose detailed glacial 
and post-glacial chronologies and provide significant evidence as to the origins of 
the various deposits. Although it is beyond the scope of the present study to 
recapitulate the details of these investigations, existing interpretations regarding 
particular deposits will be reviewed· to the extent of their relevance to pebble 
shape results. 
18 
4.1 Sample Collection 
Chapter 4 
Methods 
' 
A total of 5800 pebbles were collected for shape analysis from a variety of 
glacial, glaciofluvial, and fluvial sedimentary environments within the study area. 
Material deposited by gravitational mass wasting was not sampled, primarily 
due to the general paucity of pebble-sized clasts and the relatively short 
sediment transport distances represented by these deposits. 
Sampling locations are illustrated if Figure 4-1. At each location, the 
parent deposit was classified as either glacial (moraine deposits), fluvial (channel 
and floodplain deposits), or glaciofluvial (proglacial outwash deposits) in origin. 
Although classification was largely based upon the interpretations of previous 
workers ( Fryxell, 1930; Lagas, 1984), the sedimentary properti(!s and geomorphic 
relationships of each deposit were examined to verify these existing 
interpretations. In ad·dition, an.y unusual features or properties were noted and 
each sampling site was photographed prior to sample collection. 
During the five week period from mid-July to late August of 1982, fifty-six 
samples of 50 pebbles each were collected. Extreme care was taken in the 
selection of sampling locations to avoid areas where the possibility of 
contamination from adjacent deposits was suspected. At each sampling location, 
a square pit approximately 60 cm. (2 ft.) across and 60 cm. (2 ft.) deep was 
excavated. From within each pit, pebble-sized clasts were extracted and placed 
into a box \\'. ith a 2.5 sq. cm. {1.0 sq. in.) mesh bottom. The first 50 pebbles 
to be retained by this sieve were bagged, lal>elled, and .returned to the 
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laboratory for shape analysis. 
Following preliminary examination and shape analysis of selected samples, 
it was determined that additional sampling would be required to ensure the 
validity of later statistical comparisons of shape data. This additional sampling 
was conducted during the first two weeks of August, 1983. Ten samples of 50 
pebbles each were col]ected from • SIX locations (2 • moraine deposits, 2 
g]aciofluvial deposits, and 2 flu vial deposits). The procedure utilizeci for sample 
collection was as previously described. 
4. 2 Data Collection 
The acquisition of raw pebble shape data for subsequent processing and 
analysis required manual digitization of the two-dimensional outline of each 
pebble. Previous users of the multivariate rotation method of shape analysis 
( Collins, 1983; Gibson, 1985· 
' 
Mengel, 1985; Blanchard, 1986) utilized a 
shadowing technique to obtain a t ,vo-din1ensional outline or 'shadow' for 
digitization, in which sand-sized grains were mounted on a glass slide and 
placed on a mechanical microprojector stage. The shadow of each grain was 
then projected direct]y onto a digitizing tablet for data collection. 
In the present study, a modified version of this shadowing procedure was 
attempted in the field at each sampling location. This procedure required sunny 
w·eather and could only be conducted during the. two hours each day when the 
sun was at its highest position in the sky. These logistical preconditions proved 
to be extremely limiting in that far too much field time would be required to 
process all of the samples. A suitable alternative method for recording two-
dimensional pebble 9utlines in .the~,laboratory was sought. Due to the large 
. 
number of pebbles utilized in t'his study, time constraints precluded any 
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procedure which required individual handling and processing of pebbles. In 
additi,on, photographic methods proved to be far too costly. It was ultimately 
determined that high-contrast photocopying was the most rapid and cost 
effective means to record pebble outlines. 
Initially, samples were arbitrarily separated into tv.ro groups of twenty-five 
pebbles each, and placed into a box. This box was shaken and the ·pebbles 
were allowed to come to rest in a stable position at the bottom of the box. 
Next, the twenty-five pebbles were manually transferred from the box onto a 
transparent numbered grid mounted on the glass plate of a Minolta desktop 
photocopier. The stable position of each pebble was maintained during this 
procedure. A white cloth was placed over the pebbles and secured at the edges 
to prevent outside light from reaching the copy surface. The pebbles were then 
photocopied in high-contrast mode to allow for maximum discrimination between 
pebble outlines and the white background. This process was repeated fo:..· the 
remaining twenty-five pebbles in each sample. Following this, the pebbles w-ere 
cracked open and the lithol.ogy of each was determined and recorded. 
The two-dimensional pebble outlines were digitized and recorded as a series 
of orthogonal coordinate pairs using a Houston Inst rumen ts Hi pad II 
• 
semi-
automatic digitizing tablet and an IMS 5000 microcomputer equipped with a 
Winchester 10 megabyte hard disk. A FORTRAN program provided the 
compatibility interface between the digitizing tablet and the microcomputer. 
The periphery of each pebble outline was traced wi'th a digitizing stylus over a 
period of several seconds. At intervals of 25 milliseconds, the position of the 
stylus was recorded as a coordinate pair. Raw shape data consisted of 
approximately 150 .such coordinate pairs for each pebble. The equipment 
22 
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utilized for the digitizing procedure is illustrated in Figure 4-2. 
4.3 Data Processing and Ans!)rsis 
Processing of raw pebble shape data involved a series of reductions and 
transformations to prepare the data for subsequent analysis. Data processing 
was accomplished by several FORTRAN programs on the IMS 5000 
microcomputer and a CDC CYBER-850 mainframe computer. A flow diagram 
illustrating the steps of data collection, processing, and analysis is shown in 
.. 
Figure 4-3. 
4.3.1 Multivariate Rotation 
The initial step in processing raw pebble shape data resulted in a 
significant reduction in the number of original data points and the rotation of 
pebbJe outlines to a common orientation. This procedure, developed by Parks 
(1982), is collectively termed multivariate rotation. A FORTRAN program run 
on the IMS 5000 microcomputer was utilized for this step. 
First, the program eliminated any pebble out]ines which were represented 
by fewer than 100 coordinate pairs. ·Pebble outlines with coordinates that did 
not define an enclosed area were also eliminated from the sample. In the 
unusual .event that a pebble was rejected .by the multivariate rotation program, 
it was redigitized and manua.lly reincorporated into the sample so that all 50 
pebbles were utilized in each sample. 
A theoretical center of mass was then calculated for the area enclosed by 
each pebble outline, using an algorithm develope·d by Hall ( 1976 J. Next, the 
distance --from the center of mass to every third coordinate pair along the pebble 
outline was calculated. These fifty or so radial lengths were further reduced to 
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, thirty-six, spaced at ten degree intervals about the theoretical center of mass by 
a cubic interpolation procedure. Finally, the radial lengths were normalized to 
define a common area for each pebble, tEereby eliminating the possible effects of 
pebble size on shape data. As a result of processing the raw shape data by the 
multivariate rotation program, approximately 150 orthogonal coordinate pairs 
were reduced to thirty-six equiangular radial lengths, which defined each pebble 
• 
outline (Figure 4-4). 
The next step in the multivariate rotation procedure was the reordering of 
radial lengths to a common orientation. The radial lengths were rotated at ten 
degree intervals about the center of mass and compared to an empirically 
derived reference shape by a least-squares subroutine. Next, the radial lengths 
were transposed such that the two-dimensional pebble outline was essentially 
flipped over. Again, the radials were rotated and compared to the reference 
shape. Following a final one degree adjustment or "fine-tuning", the radial 
lengths were reordered to reflect the least-squares best-fit correlation with the 
reference shape, thus rotating the pebble outlines to a common orientation. 
The reference shape utilized in this study was developed by Mengel (1985) 
and subsequently utilized by -Gibson (1985) (Figure 4-5). It was determined 
that this slightly asymmetric triangular reference shape provided the most 
consistent and visually acceptable rotation of radials to a common orientation. 
Since the common orientation of all pebbles within each sample allows for more 
meaningful comparisons between samples (Parks, 1982)., the ·selection .of an 
appropriate reference shape was considered to be of critical importance in this 
study. 
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4.3.2 R-Mode Factor Analysis 
Factor analysis • IS a statistical reduction of data whereby several 
hypothetical variables (factors) are calculated, based upon specific inter-
relationships within a given data set. These variables contain essentially the 
same information as a much larger set of observed data (Joreskog, et. al., 
1976). In order to further reduce the pebble shape data set to a more 
managable size, a modified R-Mode analysis was applied to the rotated radials. 
The result of this analysis was the calculation of 'estimated factor scores' to 
describe the shape of each pebble. Six factor scores accounted for greater than 
95% of the variance within the rotated radial data set. 
During a standard R-Mode factor analysis, factors are ca!r.ulated with 
respect to an orthogonal frame of reference based on certain inter-relationships 
within the data set, through a series of algebraic matrix multiplications. As a 
result, the frame of reference for a given data set ( or sample) is specific to that 
particular data set (sample). This presents a problem in that comparison of 
samples with factor scores measured from different orthogonal reference axes 
would be meaningless. This problem was overcome, however, by the application 
of a modified R-Mode procedure developed by Parks ( 1983b), in which the 
frame of reference is standardized for all of the samples. 
In this procedure, a standard R-Mode factor analysis was applied to a 
$pecifically selected reference sample. From this analysis, an orthogonal frame 
of reference. or 'Beta coefficients matrix' was extracted (Appendix A}. 
Essentially, the Beta coefficients matrix is the cross product of the factor 
loadings matrix (Appendix B) and the inverse factor covariance matrix of the 
reference sample. This Beta coefficients matrix was then multiplied by the 
\ 
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standard data matrix of each sample, allowing for direct comparison between 
samples. The algebraic matrix multiplications of a standard R-Mode factor 
I 
analysis and the modified R-Mode analysis used in this study are illustrated in 
l, 
Figure 4-6. ./ y _,' 
The reference sample utilized to generate the Beta coefficients matrix was 
collected from a longitudinal gravel bar along the Snake River (Sample F07). 
This sample was composed of 50 relatively well-rounded quartzite pebbles 
derived from fluvial recycling of Tertiary conglomerate units exposed north of 
the study area. It was believed that this sample would provide for the most 
logical comparison between samples due to the relatively well-rounded simplistic 
shapes represented by the two-dimensional pebble outlines (Figure 4-7). 
Following the application of the modified R-Mode factor analysis to the 
rotated radial data set, mean estimated factor scores were calculated for each of 
the six factors in each sample. Computer-generated mean factor score plots 
were visually compared to determine the nature and extent of variations in the 
mean estimated factor scores between samples. Previous workers ( Collins, 1983; 
Gibson, 1985) were able to discriminate between samples of different origin 
using this technique. ln addition, these mean estimated factor scores provided 
the basis for statistical comparison between samples. 
4.3.3 Shape Frequency Distributions 
The use of statistical values such as mean and standard deviation for 
,../ 
comparative purposes is valid only for data which follows a normal distribution. 
Gibson (1985) suggested. that grain shape data may not conform. to a normal 
-~ 
distribution, but may consist of complex polymodal subpopulations. In order to 
determine the nature of the distribution_ of _pebble shape data, the frequency 
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Figure 4-7: Two-dimensional pebble outlines of the reference sample utilized 
to generate the Beta coefficients matrix. 
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distribution of each factor was determined by utilizing program 5D from the 
BMDP statistical software package (Dixon, 1983). These 'shape frequency 
distributions' were then expressed as histograms for visual inspection and 
comparison between samples. In addition, the factor exhibiting the greatest 
variability between samples was identified and the frequency data for this factor 
was stored for subsequent analysis. 
4.3.4 Hotelling's T-Squared Test of Equality 
As previously discussed, shape data in the form of mean estimated factor 
scores may not follow a normal distribution. Despite this, previous workers 
(Collins, I 983; Gibson, 1985; Blanchard, in prep.) have demonstrated the 
usefulness of Hotelling 's T-squared test as a statistical comparison of mean 
estimated factor scores between samples. Based on the results of these 
investigations, it was hypothesized that different types of deposits could be 
distinguished by this method. In the present study, a total of 600 pairwise 
comparisons were made between samples to determine if pebbles from different 
types of deposits. yielded characteristically different 'shape signatures'. Also, 
samples from the same type of deposit were compared to test for similar shape 
signatures. 
The BMDP program 30 (Dixon, 1983) was utilized to perform Hotelling's 
' 
T-squared test and Mahalanobis' D-squared test on the 600 selected pairwise 
sample comparisons. Several statistical values were calculated by the program 
for each pairwise test. Hotelling's T statistic and Mahalanobis' D statistic were 
-O 
r 
transformed into the F statistic, which tested for the equality of sample factor 
score means. If this F statistic was less than the critical F value at the 95% 
significance level~ the samples were considered to be statistically equiv.alent. In 
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addition, a coefficient of sample similarity, or P value, was calculated. A P 
value of 0.0 indicated that there was no similarity between samples, whereas a 
P value of 1.0 specified complete similarity. 
To this point in the analysis, the distribution of pebble lithologies within 
the samples has not been addressed. Since it has been suggested by previous 
investigators (Sneed and Folk, 1958; Holmes, 1960; King and Buckley, 1968) 
that pebble shape may be influenced by the varying resistances of different 
lithologies to abrasion, it was ne~essary to examine this hypothesis. A random 
numbers table was utilized to arbitrarily select 400 pebbles of each of the four 
dominant lithologies present • lil the entire sample population . For each 
lithology, these pebbles were separated into eight groups of 50 pebbles each, 
yielding a total of thirty-two 'lithologic samples'. All possible pairwise 
comparisons of these samples were subjected to Hotelling's T-squared test to 
determine if significant differences existed between the shape signatures of each 
lithology. 
4.3.5 Q-Mode Factor Analysis 
Q-Mode factor analysis is a statistical technique for the linear unmixing of 
multivariate data. The objective of a Q-Mode analysis is to create new, 
hypothetical entities which are linear combinations of the original entities 
(Klovan, 1975). These new entities may be considered a·s composite end-
members, combinations of which can be used to reconstruct the original entities. 
Q-Mode analysis can be utilized to unmix a set of frequency distributions i-;:ito 
the smallest possible number of end-members. When these end-member 
frequency distributions are linearly recombined in the proper proportions, each 
original frequency distribution can be regenerated. 
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Q-Mode factor analysis appears to be a logical approach for the treatment 
of pebble shape frequency distribution data. Gibson ( 1985) demonstrated its 
value in a stratigraphic study of Cretaceous nonmarine sediments. Application 
of Q-Mode analysis to factor score data of quartz sand grains yielded two 
distinct end-member shape frequency distributions or "shape types". Based on 
the relative proportions of these end-member shape types present in each 
sample, he was able to position a sandstone of uncertain origin into a regional 
stratigraphic framework and draw conclusions as to the possible origins of 
samples with specific grain shapes (Gibson, 1985). 
Prior to the application of a Q-Mode analysis in this study, it was 
necessary to select an appropriate factor ( or factors) on which to perform the 
analysis. Gibson (1985) reported that since some factors may be invariant 
between samples, Q-Mode analysis is only useful for those factors which exhibit 
the greatest variability. Visual comparison of mean estimated factor score plots 
and shape frequency distr_ibution histograms revealed the factor which displayed 
the maxin1urn varic. .. bility between samples. Q-Mode analysis was applied to the 
frequency distribution .data of this factor. It was believed that the results of 
7 
this analy 3is would provide t·he basis for discrimination between deposits with 
different predepositional histories and yield information on the distribution and 
possible origins of pebble shape . 
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Chapter 5 
Results 
5.1 R-Mode Factor Analysis 
Application of a modified R-Mode factor analysis to the rotated radial 
data set resulted in the calculation of estimated factor scores to describe the 
shape of each pebble. Six of these factor scores or 'shape descriptors' accounted 
for 96. 7% of the variability in the original rotated radial data. In order to 
interpret the physical significance of the factor scores, it was necessary to 
investigate the relationship between each factor and the original two-dimensional 
pebble outlines. Previous workers (Mengel, 1985; Gibson, 1985) determined that 
polar coordinate plots of the factor loadings for each fac.tor revealed the 
particular component of shape or "factor pattern" represented by each of the six 
factors. Factor score values served to quantify the relative contribution of each 
component of shape to the original two--dimensional pebble outline. 
Computer-generated polar coordinate plots of the factor loadings for the 
six factors (Figure 5-1) yielded results similar to those of Gibson (1985), as 
each factor was found to represent a characteristically unique component of 
shape: 
• Factor 1: elongate component of shape, 
• Factor 2: asymmetric component of shape, 
• Factor 3: triangular component of shape, 
• Factor 4: rectangular component of shape (in one orientation), 
• Factor 5: rectangular component of ·shape (in another orientation), 
• Factor 6: pentagonal component of shape. 
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Figure 5-1: Factor pattern. or component of shape represented by factors one 
through six. ·· 
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Following the determination of the factor patterns represented by each factor, 
factor score values were examined and compared to the original pebble shapes. 
These comparisons suggested that the more negative the factor score value, the 
more the component of shape represented by that factor was expressed in the 
original shape. This relationship between factor score values and corresponding 
pebble shape is illustrated in Figure 5-2. The original two-dimensional outline 
of each pebble can be reconstructed by recombining these shape components, 
each weighted by its corresponding factor score and appropriate scaling factors. 
5.2 Pebble Lithologies .. 
In order of decreasing abundance, the dominant lithologies present in the 
· entire sample population were found to be quartzite, limestone (including 
dolomite), sandstone, and granite-gneiss. Also present in lesser quantities were 
shales and siltstones, schists and amphibolites, and a v a.riety of volcanic 
lithologies. The distribution cf these lithologies in the deposits sampled is 
illustrated in Figures 5-3 and 5-4. 
The abundant quartzite pebbles in the deposits of the Jackson Hole Basin 
and lower Gros Ventre Canyon are derived from Tertiary conglomerates and 
Janglomerates which outcrop in t"he Pinyon Peak and Mt. Leidy Highlands 
northeast of the study area. These units, emplaced by high energy fluvial 
processes associated with rapid tectonic uplift and subsidence, have since become 
partially li thified ( Lov.e and Reed, 1971). Their presence in the unconsolidated 
Quaternary deposits of the study area implies subsequent erosional recycling. 
Although. these quartzites are ubiquitiously distributed in « the deposits of 
Jackson Hole and throughout the lower Grct5 Ventre Canyon, they a:re generally 
absent in the deposits of Crystal Creek and the upper Gros Ventre Canyon. 
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Figure 5-2: The relationship between factor score value and pebble shape. 
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Also, the relative proportion of quartzite pebbles in the moraines along the 
.. 
Teton front are relatively low compared with other deposits in the Jackson Hole 
Basin. These well-developed terminal moraines which impound a series of small 
lakes are predominantly composed of granite and granite-gneiss pebbles derived 
from the Precambrian basement which forms the eastern flank of the Tetons. 
These moraines were deposited by small valley glaciers which emanated from the 
Teton canyons during the most recent stage of glaciation (Fryxell, 1930). The 
relatively minor amounts of quartzite in these deposits reflects the incorporation 
of proglacial sediments from the floor of Jackson Hole prior to deposition. 
The deposits within the Crystal Creek drainage basin and the moraines in 
the upper Gros Ventre Canyon are largely composed of limestone and sandstone 
pebbles, locally derived from the Paleozoic and Mesozoic sequence which forms 
the Gros Ventre Range. The moraine deposits in the lower Gros Ventre 
Canyon contain very high concentrations of quartzite pebbles, as well as 
occasional volcanic lithologies and arr1phibolites, indicative of a Jackson Hole 
provenance. Lagas (1984) proposed that these deposits were emplaced by up-
canyon flow of a lobe of ice from a larg·e glacier which once covered much of 
the Jackson Hole Basin. 
5.8 Mean Estimated Factor Scores 
Mean estimated factor scores were tabulated a.s shown in Appendix C and 
plotted by computer for visual inspection. Examination of tabulated data and 
factor score: plots revealed several obvious trends. Factor 1 was negative for 
almost all of the samples, indicating the presence of an elongate component of 
shape in vjrtually all of the pebbles. Factor 3· had a negative value for a 
majority of the moraine deposits arid a positive value for most of the 
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glaciofluvial and fluvial deposits. This indicates that the moraine deposits 
contain a relatively high proportion of triangular pebbles, whereas pebbles 
transported and deposited by fluvial processes are generally non-triangular in 
shape. Factor 6 was negative for 57% of the moraine deposits, 25% of the 
glaciofluvial deposits, and 11 % of the fluvial deposits. This trend implies that 
although pentagonally shaped pebbles may be relatively common in a glacial 
environment, they are considerably less so in a flu vial environment. Finally, 
factors 2, 4, and 5 did not exhibit any significant trends o,r evident differences 
between the three types of deposits. 
Factor score means were calculated for ~each type of deposit and plotted 
for visual comparison. Figure 5-5 demonstrates that the trends observed in the 
factor scores of individual samples are also manifested in the overall deposit 
means. In general, the shape signatures of glaciofluvial deposits are intermediate 
between those of glacial and fluvial deposits, although they are much more 
similar to fluvial deposits than to glacial deposits. 
As reported earlier, the dominant lithologies present in the entire sample 
population were quartzite, sandstone, "limestone, and granite-gneiss. A total of 
400 pebbles of each of these lithologies were randomly selected and , the 
corresponding factor scor~s compiled. Mean estimated factor scores for each 
lithology were calculated and plotted as shown in Figure 5-6. Factor scores 
appeared to be relatively invariant between lithologies with the exception of 
quartzite, which could be easily distinguished. In general, the results indicated 
that the quartzite pebbles were more symmetric and less angular than those of 
( 
the other three lithologies, based primarily on factors 2 and 3. 
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5.4 Hotelling's T-Squared Test of Equality 
In order to provide for statistical comparison between types of deposits 
and pebble lithologies, samples were subjected to a number of pairwise 
comparisons using Hotelling's T-squared test of equality. The results of these 
comparisons are presented in Appendix D. In summary, Hotelling's T-squared 
test consistently discriminated between the shape signatures of glacial and fluvial 
deposits, however modern .JJuvial deposits were generally not distinguishable from 
proglacial outwash deposits. All possible pairwise comparisons between lithologic 
samples indicated significant differences with the exception of the quartzite vs. 
quartzite sample comparisons. This implies that quartzite pebbles are more 
resistant to transport induced shape changes than are the other lithologies. The 
overall results of the pairwise comparisons by Hotelling's T-squared test were in 
general agreement with the trends observed by visual comparison of factor score 
plots and examination of tabulated factor score data. 
5.5 Q-Mode Factor Analysis 
The factor scores for each sample were transformed into frequency 
distribution data to gain insight into the distribution of pebble shape data and 
to prepare the factor scores for subsequent Q-Mode factor analysis. Ti:..e 
resulting frequency distributions for each factor within each sample were 
expressed as histograms as shown by the example in Figure .5-7-. Examination 
of the.se shape frequency histograms revealed that the .pebble shape data clearly 
did not conform to a normal distribution. Instead, the data appeared to be 
polymodal in nature, suggesting that the samples may be composed of mixtures 
of several different shape types. 
Gibson (1985) determined that Q-Mode factor analysis proved to be most 
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useful when applied to the factor which exhibits maximum variability between 
samples. In order to aid in the selection of an appropriate factor on which to 
perform the Q-Mode analysis, the shape frequency histograms were visually 
• 
compared between samples. Although some degree of variability was observed 
for all six of the factors, factor 3 was clearly was the most variable. Since 
factor 3 was also the most variable in the mean estimated factor score data set, 
it was chosen for the Q-Mode analysis. 
A Q-Mode factor analysis, was applied to the frequency distribution of 
i 
factor 3 for all 116 samples concurrently. The results indicated that only two 
composite end-member frequency distribution 'shape types' were necessary to 
account for 96% of the variability in the data. These two end-mfmber shape 
types are expressed as frequency distribution histograms in Figure 5-8. The 
histograms indicate that shape type l is dominated by a majority of negative 
factor 3 scores, indicating- the presence of a triangular component of shape in a 
large proportion of the pebbles. Conv-ersely, shape type 2- is characterized by 
predominantly near zero to slightly positive factor 3. scores, indicative of a 
g_ene·ral absence of a triangular component of shape. 
In order to interpret Q-Mode results, each sample is considered to be a 
mixture of the two end-·member shape types combined in the proper proportion. 
The relative contribution of each shape type. present in each sample is listed in 
Appendix E. By clustering samples according to their predominant (greater than 
50%). shape type, a significant tendency is evident. Moraine deposits are largely 
composed of en.cl-member shape type 1, whereas glaciofluvial and fluvial deposits 
contain a majority of end-member shape type 2. 
The distribution of pebble shape as determined by the Q-Mode unmixing 
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of factor 3 scores is illustrated in Figures 5-9 and 5-10. By expressing the data 
in this format, it is possible to examine overall trends in pebble shape variation 
and identify the deposits with anomalous shape signatures. In addition, visual 
comparison with lithology data makes the relationship between pebble shape 
variation and the distribution of lithologies more readily apparent. 
The two-dimensional pebble outlines of selected samples were examined in 
order to determine how original pebble shape was manifested in the Q-Mode 
results. Figure 5-11 illustrates the differences between the outlines of samples 
which contain significant proportions of each end-member shape type. Sarnples 
composed primarily of shape type 1 tend to be angular to subangular, 
containing a majority of triangular and pentagonal pebbles. The results of the 
Q-Mode unmixing indicate that a type 1 shape signature is inherent to glacial 
deposits. Conversely, a type 2 shape signature generally reflects transport by 
flu vial processes. These type 2 deposits are predominantly composed of 
relatively well rounded, equant pebbles. 
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Figure 5-11: Two-dimensional - outlines of pebbles from ·sample M43 
containing 99.23% shape type. l ·sign~tur~ (top) and ·sample F16 
conta.ining 98.15% shape type 2 signature (bottom). 
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6.1 Summary of Results 
Chapter 6 
Discussion 
Multivariate rotation of pebble outlines and subsequent R-Mode factor 
'\. 
analysis of rotated radials resulted in the calculation of six hypothetical 
variables or factors to describe the shape of each pebble. The shape 
information contained in the six factor scores represented 96.7% of the 
variability in the original rotated radial data set. Mean estimated factor scores 
of individual samples provided the basis for visual and statistical comparison 
between samples. These comparisons consistently discriminated between the 
shapes of glacially and fluvially derived pebbles. In addition, recycled fluvial 
~ 
quartzite p~bbles could be distinguished from locally derived sandstone, 
limestone, and granite-gneiss pebbles. 
The representation of factor score data as frequency distribution histograms 
revealed that the factor scores did not generally conform to a normal 
distribution, but rather- appeared to be bimodal or polymodal in nature. Factor 
3, represPntative of a triangular component of shape, exhibited the greatest 
variabjlity between samples. A Q-Mode analysis of the factor 3 frequency 
distributions for all 116 samples yielded two composite end-member freque;1cy 
distributions which accounted for 96% of the variability in the data. The 
original factor 3 distribution of each individual sample could be reproduced by 
combining these two composite end-member distribution in the appropriate 
proportions. 
Results of the Q-Mode un_mixing procedure were in general agreement with 
5.4 
I 
visual and statistical comparison of mean estimated factor 
• 
scores in 
discriminating between samples with dissimilar shape signatures. In addition, by 
quantifying the relative contribution of the two end-member shape types present 
in each sample, information as to the nature and degree of shape differences or 
similarities between samples was obtained. The physical significance of Q-Mode 
... 
results was readily observed by examination of the original two-dimensional 
pebble outlines. 
6. 2 Distribution of Pebble Shape 
The distribution of pebble shape within the deposits of the study area is 
generally consistent with the previous depositional interpretations of Fryxell 
(1930) and Lagas (1984). Most glacially transported deposits contain greater 
than 60% shape type 1 whereas most fluvial and glaciofluvial deposits contain 
more t~an 60% shape type 2. Approximately 85% of the deposits sampled 
possess shape signatures which reflect their most recent cycle of transport and 
deposition, irrespective of component lithologies or previous erosional cycles. Of 
the remaining deposits, six contain relatively equal proportions of each end-
member shape type and thirteen possess anomalous shape signatures. The 
identification of these anomalous deposits is quite possibly the most significant 
result of this pebble shape study, since it is likely that these deposits are the 
product of a unique set of geological conditions. Based upon 
• previous 
investigations and other evidence, geological 
• 
reasoning allows for the 
interpretation of the possible causes of these pebble shape anomalies. 
lri order to attempt to explain the various _pebble shape anomalies, existing 
interpretations w-ere reevaluated, lithology data and field notes were reviewed, 
and photographs of each sampling location were examined. For each anomaly, 
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alternative hypotheses were developed in consideration of available information 
and evaluated as to their reasonability. Although additional field work was not 
feasible in the present study, it is likely that more detailed studies of these 
deposits would help constrain the causes of pebble shape anomalies. 
6.2.1 Moraine Deposits 
Samples M22-M24 were collected from large hummocky 
• 
moraines at the 
northern end of the Jackson Hole Basin. These samples contain an abundance 
of quartzite pebbles which were fluvially transported during a previous erosional 
cycle. It is reasonable to conclude that these highly resistant quartzite pebbles 
• 
were not transported a sufficient distance by glacial processes to have acquired a 
typical glacial shape signature. As a result, the pebbles within these deposits 
still retain a largely flu vial shape signature. Alternatively, it is possible that 
these moraines were emplaced by readvancing ice margins which effectively 
pushed their own proglacial sediments into moraines without transporting these 
sediments a significant distance. 
Along the Teton front, samples M15 and Ml 7 were found to exhibit 
fluvial shape signatures, although these deposits were clearly deposited by small 
glaciers cor1fined to the canyons· of the Teton Range. Both of these deposits 
contain relatively high concentrations of quartzite pebbles, however, which do 
not outcrop anywhere in their source canyons. It is therefore inferred that the 
glaciers which emplaced these deposits extended into the Jackson Hole Basin, 
incorporating proglacial sediments with a source to the north and resulting in 
the anomalous fluvial shape signatures. 
Sample M13, collected from a gently rolling moraine in the lower Gros 
Ventre Canyon, has an anomalous shape signature indicative of fluvial transport .. 
56 
• I 
The lithologies of the pebbles from within this deposit suggest a Jackson Hole 
provenance, consistent with existing interpretations (Lagas, 1984). Detailed 
examination of photographs taken at a roadcut through this deposit revealed a 
basal layer of stratified drift, approximately ten feet (3 meters) below the 
surface. Based on this observation, the deposit is believed to be the result of a 
readvancing ice margin which overrode its own proglacial outwash deposits and 
formed a moraine. The distance of transport by glacial processes was negligible, 
thus many of the pebbles within this deposit retain their fluvial shape 
signatures. 
6.2.2 Glaciofluvial Deposits 
In the upper Gros Ventre Canyon, glaciofluvial samples CO2 and G03 
possess glacial shape signatures. These two samples were collected from a 
proglacial outwash terrace deposited by meltwater strean1s draining 
• 
an ice 
margin immediately up valley. Their relative proximity to large moraines 
suggests that these deposits were not transported a · significant distance by 
proglacial fluvial processes. It is believed that the pebbles from within these 
deposits were derived from their respective up valley moraines and their shape 
signatures reflect this previous cycle .of glacial transport. 
Sample GOl was collected from a low proglacial outwash terrace on the 
north side of the Gros Ventre River near the junction of Crystal Creek. The 
pebble lithologies indicate a provenance to th·e ·north and therefore the 
possibility: that this deposit· was derived from the nearby Crystal Creek moraines 
can be ruled out. Based on observations noted at the time of sample collection, 
it is suspected that this ·deposit is contaminated with debris from a large 
landslide on the adjacent valley side. This contamination would likely increase 
~ 
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the percentage of angular pebbles in the deposit, resulting in an anomalous 
shape signature which favors shape type 1. 
6.2.3 -Fluvial Deposits 
Samples F12 and F13 were collected from gravel bars within the. modern 
Gros Ventre River.. Despite this, these samples possess shape signatures 
indicative of glacial transport and deposition. Although there are no glacial 
deposits exposed at the surface adjacent to the Gros Ventre River where these 
samples were collected, it is possible that the river downcut into such deposits 
at these locations. Fryxell (1930) has mapped scattered moraines further down 
valley at the southern end of Jackson Hole, and therefore it is likely that 
ground and recessional moraines once blanketed the floor of the Jackson Hole 
Basin. Following the retreat of the Jackson Hole glacier, these deposits were 
subsequently eroded away b'y meltwater streams or buried by proglacial outwash 
sediments. It is possible that the modern Gros Ventre River downcut into 
these older glacial deposits, locally incorporating them into the gravel bars from 
which these samples were collected. 
A review of field notes and photographs of these sampling sites suggests 
an alternative and equally reasonable hypothe~is to account for the anomalous 
shape signatures of thesP- deposits. These samples were collected immediately 
adjacent to Highway 89 which crosses the Gros Ventre River between these two 
sample locations. At the time of sample collection, the following was noted: 
" ... many pebbles appear freshly· cracked ... possibly due to crushing by bulldozer 
-during highway construction or attempt to keep river confined to existing 
channel." In addition, fresh ·bulldozer tracks were observed and the possibility 
of "fill" was noted. Consid·ering these observations, the shape signatures of 
5·8 
, . 
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these deposits may have been artificially induced. 
\ 
6.3 Origin of Pebble Shape 
Many workers have realized that shape is a property of pebbles acquired 
by their response to geological processes. The results of this investigation 
provide additional evidence of the importance of sediment transport processes in 
pebble morphogenesis. The methods utilized in this study ,vere able to 
consistently discriminate between the shape signatures of pebbles from deposits 
transported by glacial and by fluvial processes in an objective and quantitative 
manner. Based upon the results presented herein, particularly those of the Q-
Mode unmixing, it appears that pebbles acquire a shape signature unique to a 
particular transport process over a sufficient transport distance. Therefore, the 
reworking of sediments by a new process can eventually modify a preexisting 
pebble shape signature acquired during a previous cycle of transport and 
deposition. 
It is reasonable to assume that the nature ·and intensity of the processes 
which influence pebble shape are dependent upon both the medium and n1ode of 
sediment transport. Pebbles transported in a fluvial environment are subjected 
to a variety of mechanical weathering mechanisms related to their interaction 
with the channel bottom an·d other particles in transport, as well as chemical 
weathering mechanisms. These mechanisms are believed to act on pebble 
corners and edges, resulting in the general rounding of pebbles during transport. 
The typical fluvial shape signature reflects these mechanisms in relatively well 
rounded, equant pebble shapes. Conversely, glacially transported pebbles are 
subjected to a different set of mechanical weathering mechanisms which are 
more likely to result in -the actual breaking of peb.bles and the grinding of 
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pebble surfaces. It is suggested that these glacial processes tend to accentuate 
pebble surfaces, edges, and corners, thus favoring more angular pebble shapes, as 
reflected in the typical glacial shape signature. 
When a sample is composed of a mixture of lithologies from a variety of 
source areas, interpretation of pebble shape results be·.:omes more difficult. The 
methods of shape analysis applied in this investigation clearly discriminated 
between the shape signatures of quartzite pebbles and the other dominant 
lithologies present in the samples, irrespective of transport processes. This 
result is somewhat inconclusive and subject to several interpretations. First,. it 
is possible that certain highly resistant lithologies such as quartzite favor 
characteristic shape signatures which are essentially independent of transport 
processes. Alternatively, lithology may only control the rate at which pebble 
morphogenesis occurs by determining the resistance of pebbles to various 
weathering mechanisms. Although the results of this study do not definitively 
favor either interpretation, the latter appears more geologically reasonable and 
consistent with existing theories (Blatt, et. al., 1980). 
In order t.o speculate o·n the possible ways in which lithology may 
influence pebble shape, it is necessary to exa-mine the more fundamental pebble 
properties of mineralogy and texture. Clearly,. certain mineralogies are more 
resistant to particular mechanical and chemical weathering mechanisms than 
others. For example, it is well established that limestone pebbles are much 
more susceptible to most weathering mechanisms than are q·uartzite pebbles. 
Therefore, it follows that the shapes of limestone pebbles would by altered much 
more rapidly than quartzite pebbles subjected to identical conditions. Also, it is 
logical th.at weathering preferentially occurs alon·g natural textural elements of 
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pebbles such as grain boundaries and bedding planes. As a result, texture of 
the parent rock may also play a minor role in the evolution of pebble shape, by 
effectively'"" limiting the finer scale or textural features which a pebble may 
ultimately acquire. 
In summary, it is suggested that the complex interaction of a variety of 
factors contribute to the origin of pebble shape. Mechanical and chemical 
weathering mechanisms occuring primarily during sediment transport provide 
pebbles with shape signatures characteristic of both the medium and mode of 
transport. Lithology and related properties such as mineralogy and texture also 
indirectly influence pebble morphogenesis. Mineralogy controls the rate of 
pebble shape alteration during transport by determining the resistance of pebbles 
to various weathering mechanisms. Texture is likely to limit the range of finer 
scale shape elements which a pebble: can ultimately acquire. 
The end result of the interactions of these factors is the selective shape 
sorting of pebbles during transport. When pebbles are deposited, the signature 
of their shapes at the time of deposition becomes preserved in the sedimentary 
record. This signature is characteristic of the medium ·and mode of transport 
and reflects the distance of transport, the nature of the source materials, and 
the nature a.nd intensity of weathering. 
6.4 Methodology 
The ability of the various methods applied in this "Study to quantitatively 
distinguish between subtle variations in pebble shape demonstrates that 
' multivariate rotation is an acceptable technique for the processing of shape data. 
The thirty-six rotated radial lengths derived from the multivariate rotation 
procedure provide an accurate representation of pebble shape for subsequent 
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analysis by a variety of statistical methods. Application of a modified R-Mod'e 
factor analysis to the rotated radials allows for the further reduction of shape 
data to six estimated factor scores without the exclusion of significant shape 
information. These factor scores serve as shape descriptors, each representative 
4 
of a characteristic component of shape. 
By visual and statistical comparison of mean estimated factor scores, 
observable differences in pebble shape could be resolved. The use of mean 
values for comparitive purposes is based on the underlying assumption that the 
original data is normally distributed. Since, in the present study, the factor 
scores were found not to conform to a normal distribution, the validity of such 
a method is questionable. J\s a result of the non-normality of pebble shape 
data, factor score n1eans would probably be distorted to some degree and 
therefore not an accurate representation of true pebble shape. It is likely that 
the samples for which the method was able to resolve differences were 
sufficiently different to warrant discrimination despite this distortion of the data. 
Samples possessing only slightly different shape signatures, however, probably 
could not be resolved by this method. Since it is the goal of any pebble shape 
study to quantify both obvious and subtle variations in pebble shape, the 
comparison of mean estimated· factor scores is of limited value. Interpretations 
based entirely on results obtained by this procedure must consider these 
limitations. 
The linear unmi:xing of factor score frequency distributions into composite 
en.cl-member shape types by Q-Mode factor analysis appears to be a more 
promising technique for analysis of pebble shape data. .In the present study, 
subtle variations in pebble shape could apparently be resolved by this method. 
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Calculation of the relative contribution of the two end-member shape types 
present in each sample quantifies the extent of pebble shape variations between 
samples. Also, as the physical relationship between each factor and pebble 
shape was determined from polar coordinate plots of the factor loadings, the 
results of the Q-Mode unmixing provide information on the nature of pebble 
shape variations. This information is especially useful in that it not only 
resolves subtle differences in pebble shape but also allows for interpretations to 
be made regarding the possible origins of pebble shape. 
6.5 Suggested Future Study 
The multivariate rotation method of shape analysis shows considerable 
potential in future pebble shape studies. The six estimated factor scores 
obtained from this method serve as attractive shape descriptors in that they 
satisfy the .criteria suggested by Clark (1981) and others, as previously 
discussed. It is critical, however, that future applications of the multivariate 
rotation method in pebble shape studies recognize the limitations of the method 
in its present state of evolution. 
While mean estimated factor scores may be useful for preliminary 
discrimination between samples 
• possess1ng s.u bstantially cliff eren t shape 
signatures, caution should be exercised in making any additional interpretations 
based solely on such results. Future efforts should focus primarily on improving 
the application of a Q-Mode factor analysis to factor score data. A more 
comprehensive pebble shape study may be possible if this procedure were to be 
expanded to include all six of the factors. Th_is might allow for the resolution 
of even more subtle s~ape variations beyond those which are expressed in a 
single factor. 
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Automation of the digitization procedure would significantly reduce the 
amount of time presently required to acquire a large volume of data. Near-
instantaneous video digitization might allow for pebble shape data to be 
acquired directly in the field. In addition, some of the existing computer 
programs could be combined to streamline the process of data processing and 
analysis. These improvements would make the multivariate rotation method a 
much more powerful tool for the study of pebble shape. 
It is suggested that future pebble shape studies be designed to examine 
only one of the variables contributing to the origin of pebble shape. For 
example, a study on the effects of transport processes on pebble shape should be 
lin1ited to pebbles of a single lithology derived from only one possible source 
area. U'ntil a better understanding of the individual factors which influence 
pebble morphogenesis is obtained, it will remain difficult to draw definitive 
conc]usions as to their relative importance and complex interterac.tions. 
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Chapter 7 
Conclusions 
The major conclusions of this pebble shape investigation may be 
summarized as follows: 
1. The pebbles within a given deposit possess a shape signature which is 
the end result of selective shape sorting during transport. This shape 
signature is characteristic of the medium and mode of transport and 
reflects the distance of transport, the nature of the source materials, 
and the nature and intensity of weathering. The rate at which 
pebble morphogenesis occurs is primarily controlled by lithology. 
2. Weathering mechanisms associated with fluvial transport of pebbles 
act primarily on edges and corners. The resulting shape signature of 
; fluvial deposits reflects these mechanisms in relatively well-rounded, 
' ( equant shapes (shape type 2). Glacially transported pebbles 
\ 
"encounter a different set of weathering mechanisms which result 
primarily in the actual breaking of pebbles and grinding of pebble 
surfaces. These mechanisms tend to accentuate pebble edges and 
corners, and thus glacial pebbles favor more angular shapes, as 
reflected in a typical glacial shape signature ( shape type 1). 
3. Multivariate rotation followed by the application of a modified R-
Mode factor analysis is an acceptable technique for the acquisition 
and processing of pebble shape data. The six factors extracted from 
this analysis serve as attractive shape descriptors, in that they are 
unique to a given shape and independent of pebble size or 
orientation. In addition, each factor represents a unique component 
of shape. These factors can be analyzed by a variety of statistical 
and graphical techniques as required by the objectives of any 
particular study. 
4. Factor scores generally do not follow a normal distribvtion, as most 
deposits possess bimodal or ·polymodal shape subpopulations. 
5. Visual and statistical comparison of mean estimated factor scores 
may be useful for preliminary discrimination between samples 
possessing substantially different shape signatures. More subtle 
differences in shape probably would not be resolved by this method, 
however, and therefore such an application is of limited value. 
6. Q-Mode unmixing of frequency distribution data for the factor or 
factors which exhibit significant variability between samples is useful 
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for quantifying the nature and extent of pebble shape variations and 
identification of deposits possessing anomalous shape signatures. 
These deposits are often the product of a unique set of geological 
conditions. 
7. Pebble shape analysis is a useful interpretive tool which can be 
effectively applied in conjunction with more traditional 
sedimentological procedures or in situations where these procedures 
may not be appropriate or applicable. 
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Appendix A 
Reference Sample Beta Coefficients Matrix 
Factor 1 Factor 2 Factor 3 Factor 4 Factor 6 Factor 8 
1 -.048766 .021088 .068646 -.088280 -.114646 -.021243 
2 -.047036 .046848 .068414 -.066824 -.024936 -.021243 
3 -.038806 .082311 .046131 -.003338 .097687 -.2699Q9 
4 -.016262 .114616 -.006771 .099909 .198424 -.376936 
6 .016383 .103479 -.072886 .167171 .147306 -.266307 
6 .036847 .062686 -.09Q811 .121771 .010086 .007811 
7 .046944 .019973 -.093168 .029963 -.061766 .2606Ql 
8 .048741 -.012034 -.066190 -.068724 -.036043 .344894 
9 .047643 -.033379 -.033226 -.124144 -.003286 .289466 
10 .044760 -.063693 .014206 - . 169370 .026868 .107669 
11 .039686 -.067667 .061440 -.149618 .040290 -.096069 
12 .036273 -.076978 .092338 -.096333 .037471 -.228903 
13 .030466 -.079301 .118376 -.006378 .021608 -.270673 
14 .021746 -.078786 .137469 .106212 -.002086 -.221708 
16 .007414 -.066499 .133160 .263639 -.028667 -.066874 
16 -.018634 -.030397 .071160 .364113 -.068093 .277774 
17 -.042287 .013984 -.046466 .196410 -.116748 .396429 
18 -.048466 .016247 -.080383 -.028636 -.106132 .096709 
19 -.048216 -.002049 -.080366 -.069719 -.064478 -.184216 
20 -.049173 -.010226 -.071666 -.061284 .042772 -.247606 
21 -.044216 .002412 -.010149 -.074993 .303360 .166238 ( 
22 -.002664 .063686 .112368 -.043776 .426442 .471782 
23 .026136 .076671 .126696 .012702 .204491 .221822 
24 .034391 .078872 .103861 .011902 .006620 .063682 
26 .037838 .077966 .080308 .014830 -.108836 -.019646 
26 .041077 .071128 .067161 .019122 -.171202 -.062638 
27 .046326 .060474 .028408 .020639 -.173061 -.071960 
28 .049097 .043493 -.007786 .020219 -.129066 -.0667Q7 
29 .060606 .018700 -.044070 .024811 -.060738 -.037462 
30 .047924 -.016803 -.07Q346 .028644 .032496 -.044116 
31 .038461 -.063636 - .101623 .061812 .146919 -.086013 
32 .020283 -.094180 -.098123 .. 098919 .200862 -.136289 
33 -.009804 -.117420 -.044096 .1332'76 .124324 -.068676 
34 -.036002 -.092813 .021832 .068707 -.001690 .096243 
36 -.047373 -.042734 .067827 -.016691 -.109062 .173284 
36 -.049008 -.006766 .060138 -.073331 -.148499 .098833 
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Appendix B 
Reference Sample R-Mode Factor Loadings 
Matrix 
Factor 1 Factor 2 Factor 3 Factor 4 Factor 6 Factor 6 
1 -.SQQ .162 .273 -.202 -.177 -.014 
2 -.867 .338 .273 -.162 -.03Q -.OQO 
3 -.716 .694 .211 -.008 .161 -.174 
4 -.281 .827 -.027 .228 .307 -.262 
6 .284 .747 -.340 .36Q .228 -.172 
6 .661 .462 -.466 .278 .016 .006 
7 .847 .144 . .436 .06Q -.080 .168 
8 .8Q8 -.087 -.30Q - .134 -.066 .231 
9 .878 -.241 -.166 -.284 -.006 .1Q4 
10 .826 -.388 .066 -.364 .040 .072 
11 .730 -.488 .287 -.342 .062 -.064 
12 .660 -.647 .431 -.218 .068 -.163 
13 .661 -.673 .663 -.016 .033 -.181 
14 .401 -.66Q .642 .241 -.003 -.148 
16 .137 -.480 .622 .580 -.044 -.046 
16 -.343 -.219 .332 .810 -.106 .186 
17 -.780 .101 -.217 .44Q -.17Q .266 
18 -.8Q3 .110 -.376 -.066 -.163 .064 
19 -.88Q -.016 -.376 - .16Q -.100 -.123 
20 -.906 -.074 -.336 -.117 .066 -.166 
es 
21 -.816 .017 -.047 -.171 .469 .104 
22 -.047 .388 .626 - .100 .668 .316 
23 .463 .646 .586 .029 .316 .149 
24 .634 .569 .486 .027 .010 .043 
26 .697 .563 .376 .034 -.168 -.013 
26 .767 .514 .267 .044 -.266 -.042 
27 .836 .437 .133 .047 -.267 -.048 
28 .906 .314 -.036 .046 -.199 -.038 
29 .933 .136 -.206 .057 -.094 -.026 
30 .883 -.114 -.370 .066 .060 -.030 
31 .70Q -.387 -.474 .118 .226 -.067 
32 .374 -.680 -.458 .226 .310 -.091 
33 -.181 -.848 -.206 .306 .192 -.046 
34 -.664 -.670 .102 .167 -.002 .064 
36 -.873 -.309 .270 -.038 -.16Q .116 
36 -.903 -.042 .281 -.168 -.230 .066 
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Appendix C 
Results of R-Mode Analysis: Mean 
Estimated Factor Scores 
Moraine Deposits 
Sample Factor 1 Factor 2 Factor 3 Factor 4 Factor 6 Factor 
MOl -0.840 -0. 104 -0.290 -0.036 -0.038 -0.026 
M02 -0.69Q 0.02g -0.296 -0. 123 0.072 -0.486 
M03 -0.36Q -0.286 -0.617 -0. 160 0.479 -0.3Q7 
M04 -1.40Q 0.06Q -0.391 -0.220 -0.480 0.061 
M06 -0.638 -0.048 -0.411 -0.066 0.101 0.166 
MOB -1.064 -0.02Q -0.239 -0.026 -o.2g9 0.162 
M07 -0.846 -0.268 -0.269 0.363 -0.690 -0.017 
MOB -0.860 -0. 166 -0.107 0.269 -0.268 0.376 
M09 -0.416 0.217 -0.368 -0.116 -0.038 -0.026 
MlO -0.020 0.086 -0.368 -0.201 -0.021 -0.311 
Mll -0.186 0.061 -0.328 0.061 0.622 -0.461 
M12 -0.460 -0.062 -0.206 -0. 103 0.168 -0 .182 
M13 0.066 0.127 -0.227 -0.064 0.291 -0.017 
M14 -0.296 -0.068 -0.194 0.137 -0 .103 -0.066 
M16 -0.460 -0.084 -0.010 0.322 0.321 0.034 
M16 -0. 182 0.010 -0. 128 , 0. 231 -0 .160 0.013 
M17 -0.197 0.148 -0.264 0.349 -0.028 0.406 
M18 -0.342 -0.028 -0. 163 0.043 0.076 0.066 
M19 -0.330 0.406 -0.273 0.224 0.320 -0. 124 
M20 -0.316 0.290 -0.027 -0.092 0.077 0.031 
M21 -0. 136 0.18Q -0.083 -0.091 -0.204 -·O. 018 
M22 -0.309 0.268 0.054 -0.013 0.064 0.236 
M23 -0.363 0.002 -0.078 0.164 0.021 -0.306 
M24 -0.173 -0 .13Q -0. 166 0.236 0.068 0 .171 
M26 -0.07Q 0.032 -0.114 0.106 -0.208 -0.268 
M26 -0.03Q -0.328 0.034 -0.018 -0.220 0.164 
M27 -0.266 -0. 100 -0. 130 -0.038 -0.019 -0.204 
M28 -0.443 0.066 -0.068 0.247 0. 07'i' 0.023 
M29 -0.666 -0.332 -0 .140 0.364 0.334 -0 .143 
M30 -0.047 -0.236 -0.0QB 0.186 0.103 -0.361 
M31 -0.261 -0.230 -0. 126 0.440 -0.281 0.200 
M32 -0.208 0.040 -0.008 0.483 0.297 0.059 
M33 -0.299 -0.498 -0.317 0.303 -0.061 -0. 103 
M34 -0.002 -0.084 -0.308 0.601 -0.262 0.234 
M36 -0.343 O. lOQ -0.052 0.080 -0.071 0 .188 
M36 -0.121 -0.202 -0.088 0.247 -0.241 -0.293 
M37 0.011 -0.153 -0.230 0.056 -0 .195 -0.092 
M38 -0.330 -0.0lQ -0.428 0.019 -0.022 -O.OQ3 
M39 -0.156 -0.2Ql -0.006 0.326 -0.071 -0 .106 
M40 -0.161 -0.290 -0.282 0.302 0.139 -0.106 
M41 0.038 0.027 -0.026 0.346 0.3Q3 -0.233 
M42 0.000 -0.298 -0.380 0.323 -0.216 0.040 
M43 -0.038 -0.031 -0.160 0.249 -0.236 -0.613 
M44 -0.033 0.063 -0.034 0.082 -0.2Q2 0.176 
M46 -0.356 -0.0Ql -0.380 0.176 -0.004 0.261 
M46 -0.293 -0.229 -0.083 0.1Q9 0.268 -0.326 
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6 
Glaciofluvial Deposits 
0 
Sample Factor 1 Factor 2 Factor 3 Factor 4 Factor 6 Factor 6 
GOl -1.131 0.013 -0.127 -0.233 -0.368 0.242 
G02 -0.617 0.067 -0.120 -0.12Q 0.268 0.164 
G03 -0.62Q 0.124 -0.223 -0.186. 0.026 0.292 
G04 -0.37Q -0.246 0.18Q ) -0.016 0.398 0.167 .. 
G06 -0.096 -0.006 0.026 -0.03Q -0.320 -o.24g 
GOS -0.182 0.117 0.20g 0.037 -0.044 0.280 
G07 -0.386 0.044 0.182 -0.020 -0. 133 0.273 
GOB -0.386 0.166 0.076 0.086 -o.2go -0.041 
GOQ -0.241 0.180 0.168 0.147 0.128 -0.06Q 
GlO -0.041 0.024 0.306 -0.064 -0.124 0.03g 
Gll -0.403 0.322 0.226 0.23Q 0.244 O. lQl 
G12 -0.318 0.04Q 0.164 0.2Q7 0.007 0.460 
G13 -0. 106 -0.026 0.268 O.OQ8 0.166 -0. 106 
G14 -0.377 -0.276 0.160 0. 228 -0. 164 -0.040 
G16 -0.430 0.172 0.346 0.164 0.061 -0.006 
G16 -0.491 -0. 130 0.182 0.231 -0. 107 0.141 
G17 -0.422 -0.070 0.066 0.048 -0.316 0.401 
G18 -0.083 0.144 0.206 0.261 0.073 0.044 
GlQ -0.171 -0. 161 0.191 0.096 -0.216 -0.091 
G20 -0.084 -0.029 0.086 0.316 -0. 103 0.244 
G21 -0. 108 0.004 0.416 0.166 0.026 0.382 
G22 -0.046 0.000 0.292 -0.024 -0.137 0.122 
G23 0.086 0.029 0.641 0.107 -0.111 0.1Q6 
G24 -0.166 0.056 0.211 0.170 0.122 O.OQ7 
G26 -0. 181 0.176 0.176 0.256 -0. 178 0.176 
G26 -0.418 -0.201 0.124 0.263 -0. 180 0.183 
G27 -0. 164 -0. 102 0.213 0.028 -0.137 0.127 
G28 -0.190 0.118 0.344 0.203 0.149 0.004 
G2Q -0.069 0.243 0.128 0.246 -0.019 -0.016 
G30 -0.002 0.090 0.319 0.136 -0.098 0.081 
G31 -0.639 0.147 0.220 -0.026 -0. 169 0.177 
G32 -0.424 -0.144. 0.101 -0.047 -0.061 0.144 
Fluvial Deposits 
Sample Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 
FOl -0 .126 -0.299 0.246 -0.220 -0.287 0.474 
F02 -0.602 -0.086 -0.006 0.073 0.023 0.103 
F03 -0.263 0.193 0.096 -0.460 -0.216 0.244 
F04 -0.379 0.016 0.460 -0.634 -0.420 0.234 
F06 -0.914 -0.038 0.231 -0.380 -0.316 0.697 
FOB -0.272 0.031 0.287 -0.196 -0.606 0.266 
F07 0.000 0.000 0.000 0.000 0.000 0.000 
FOB 0.117 -0.026 0.208 0.013 0.168 -0.024 
F09 -0.270 0.024 0.026 -0.008 -0.091 0.051 
FlO -0.039 0.179 0.384 0.007 0.038 0.137 
Fll 0.231 0.128 0.336 -0.117 -0. 192 -0.074 
F12 -0.071 0.169 0.183 -0.057 -0.271 0.033 
F13 -0.047 0.224 -0.008 -0.097 0.164 0.106 
F14 -0.338 -0.002 0.21g 0.242 -0.062 0.498 
F16 -0.203 -0.206 0.296 0.236 -0.020 0.057 
F16 -0.316 -0. 103 0.072 0.096 -0.242 0.140 
F17 -0.208 0.040 0.669 0.160 0.076 0.361 
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F18 -0.3Q2 -0. 188 0.068 0.166 -0.069 0.180 
F19 -0.417 -0 .110 0.107 0.176 -0. lQO 0.263 
F20 -0.322 0.144 0.116 -0. 136 -0.092 0.181 
F21 -0.389 0.063 0.121 -0.046 -0.372 0.02g 
F22 -0.6Q3 -0.082 0.169 0.071 -0. 168 0.000 
F23 -0.449 -0.016 -0.060 0.184 -0.222 0.111 
F24 -0.624 -0. 134 0.104 0.091 -0.210 0.038 
F26 -0.226 0.104 -0.071 0.377 -0.117 -0.076 
F26 -0. 16Q -0.241 0.034 0.002 -0.319 0.311 
F27 -0.678 -0.026 0.109 0.422 -0.077 0.196 
F28 -0.329 -0.038 0.063 0.263 -0.390 0.446 
F29 -0.111 -0. 100 0.166 0.182 -0.060 0.146 
F30 -0. 166 0.030 0.262 0.096 -0. 146 0.174 
F31 -0.277 -0. 189 0.082 0.107 0.064 0.178 
F32 -0.360 -0.122 -0.038 0.209 -0.304 0.286 
F33 -0. 163 -0. 136 -0.043 0.122 -0.016 -0.042 
F34 -0.601 0.080 0.130 -0. 116 -0. 189 0.020 
F36 -0.388 0.298 0.249 0.141 0.076 0.101 
F36 -0.132 0.083 0.206 0.076 -0. 131 0.188 
F37 -0.426 0.167 0.126 -0. 160 -0.038 0.023 
F38 -0.408 -0. 184 0.183 0.343 0.071 0.108 
All Morai11e All Glaciofluvial All Fluvial 
Deposits Deposits Deposits 
Factor 1 -0.317 -0.2lf3 -0.289 
Factor 2 -0.048 0.028 -0.004 
Factor 3 -0 .184 0.176 0.149 
Factor 4 0.132 0.100 0.032 
Factor 6 -0.027 -0.083 -0. 135 
Factor 6 -0.048 0.132 0.159 
) 
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Appendix D 
Results of Hotelling's T-Squared Test of 
Equality 
Moraine Deposits vs. Moraine Deposits 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Glaciofluvial Deposits vs. Glaciofluvial Deposits 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotell;ng's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Fluvial Deposits vs. Fluvial Deposits 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Moraine Deposits vs. Glaciofluvial Deposits 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Moraine Deposits vs. Fluvial Deposits 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F St~tistic 
Mean P Value 
Percent of Ho: accepted 
76 
100 
0. 1019 
2.6482 
0.4030 
0.8763 
92% 
100 
0.2617 
6.6437 
1.0360 
0.4078 
87% 
100 
0.0994 
2.4849 
0.3930 
0.8818 
95% 
100 
0.7310 
18.2762 
2.8906 
0.0125 
27% 
100 
1.0092 
25.2293 
3.9903 
0.0013 
16% 
Glaciofluvial Deposits vs. Fluvial Deposits 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Quartzites vs. Quartzites 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Sandstones vs. Sandstones 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Limestones vs. Limestones 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Granite-gneisses vs. Granite-gneisses 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: ac~epted 
Quartzites vs. Sandstones 
/\ 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
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100 
0.6237 
13.0936 
2.070Q 
0.0640 
69% 
28 
0.3026 
7.563Q 
1.1963 
0.3152 
78.6% 
28 
0.7966 
19.9153 
3. 1499 
0.0074 
21.4% 
28 
1.0466 
26. 1624 
4. 1379 
0.0010 
14.3% 
28 
0.8607 
21.6176 
3.4033 
0.0044 
17.9% 
64 
1.1567 
28.9166 
4.5736 
0.0004 
10.9% 
...... ' 
Quartzites vs. Limest·ones 
Number of pai~se comparisons 
Mean Mahalanobie' D Statistic 
Mean Hotelling's T Statistic 
Mean F Ste.tistic 
Mean P Value 
Percent of Ho: accepted 
Quartzites vs. Granite-gneisses 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Sandstones vs. Limestones 
Number of pairwise comparisons 
Mean MahRlanobie' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Sandstones vs. Granite-gneisses 
-
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean _Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
Limestones vs. Granite-gneisses 
Number of pairwise comparisons 
Mean Mahalanobis' D Statistic 
Mean Hotelling's T Statistic 
Mean F Statistic 
Mean P Value 
Percent of Ho: accepted 
' 
Ho: There is no significant difference between samples. 
Critical F value at the 96% significance level is 2.3262. 
Degrees of Freedom for each pairwise comparison are 6, 93. 
' 
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64 
O.Q563 
23.Q071 
3.7812 
0.0021 
17.2% 
• 
64 
0.7642 
lQ.1063 
3.0218 
0.0096 
23.4% 
64 
0.7885 
19.7134 
3.1179 
0.0079 
21. 9% 
64 
0.8398 
20.9908 
3.3199 
0.0062 
18.8% 
64 
0.7267 
18.1671 
2.8734 
0.0130 
32.8% 
r 
. 
. 
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Appendix E 
Results of Q-Mode Analysis: End-Member 
Type Compositions Shape 
Moraine Deposits 
Sample Shape Type 1 (%) Shape Type 2 (%) Cluster 
MOl 96.76 3.26 1 
M02 84.60 16.40 1 
M03 88.10 11.90 1 
M04 82.09 17.Ql 1 
M06 88.09 11.91 1 
M06 90.00 10.00 1 
M07 90.36 9.64 1 
MOS 9Q.Q9 0.01 1 
MOQ 62.89 47.11 1 
MlO 98.36 1.66 1 
Mll 9Q.32 0.68 1 
M12 9Q.Q9 0.01 1 
M13 31.72 68.28 2 
M14 86.12 13.88 1 
M16 48.69 61.14 2 
M16 71.62 28.48 1 
M17 20.88 79.12 2 
M18 60.16 39.84 1 
MlQ 66.86 43 .14 1 
M20 84.67 16.33 1 
M21 61.37 48.63 1 
M22 30.08 6Q.Q2 2 
M23 26.76 74.26 2 
M24 31.29 68.71 2 
M25 63.21 36.79 1 
M26 76.06 23.Q4 1 
M27 9Q.79 0.21 1 
M28 86.17 14.83 1 
M29 SQ.46 10.64 1 
M30 94.12 6.88 1 
M31 72.66 27.44 1 
M32 90.06 9.96 1 
M33 83.07 16.93 1 
M34 76.00 24.00 1 
M35 97.68 2.32 1 
M36 9Q.87 0.13 1 
M37 9Q.98 0.02 1 
M38 69.66 30.34 1 
M3Q 76.06 24.94 1 
M40 77.33 22.67 1 
M41 73.71 26.29 1 
M42 99.99 0.01 1 
M43 99.23 0.77 1 
M44 96.67 4.43 1 
M46 98.19 1.81 1 
M46 83.74 16.26 1 
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Glaciofl1.1vial Deposits 
Sample Shape Type 1 (%) Shape Type 2 (%) Cluster 
GOl 67.66 42.44 1 
G02 4Q.Q4 60.06 2 
G03 60.Q7 39.03 1 
G04 4.79 Q6.21 2 
G06 1.74 Q8.26 2 
GOS 2.32 Q7.68 2 
G07 16 .16 84.86 2 
GOS 3.78 Q6.22 2 
GOQ 4Q.26 60.74 2 
GlO 3Q.61 60.3Q 2 
Gll 78.86 21.16 1 
G12 62.64 47.36 1 
G13 36.44 63.66 2 
G14 3.74 Q6.26 2 
G16 37.48 62.62 2 
G16 38.32 61.68 2 
G17 0.41 Q9.6Q 2 
G18 1.08 Q8.Q2 2 
G19 0.47 QQ.63 2 
G20 6.67 Q3.33 2 
G21 6.83 93.17 2 
G22 2.79 Q7.21 2 
G23 Q.46 Q0.64 2 
G24 2.44 Q7.66 2 
\i26 Q.76 90.24 2 
G26 4.63 Q5.37 2 
G27 6.83 93.17 2 
G28 13.38 86.62 2 
G29 3.04 Q6.96 2 
G30 6.68 93.4~ 2 
G31 27.45 72.66 2 
G32 2 .13 98.87 2 
Fluvial Deposits 
Sample Shape Type 1 (%) Shape Type 2 (%) Cluster 
FOl 36.06 64.94 2 
F02 28.16 71.84 2 
F03 49.Q7 60.03 2 
F04 36.67 64.33 2 
F06 9.33 Q0.67 2 
F06 16.73 84.27 2 
F07 0.01 9Q.99 2 
FOB Q.36 90.64 2 
F09 12.B4 87.06 2 
FlO 36.22 64.78 2 • 
Fll Q.38 '··-- ..... ~ / 90.62 2 
F12 63.16 46.84 1 
F13 68.00 42.00 1 
F14 4.47 96.63 2 ~ 
F16 7.96 92.04 2 
F16 1.86 i:"i· 98.16 2 
F17 48.32 61.68 2 
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F18 42.97 67.21 2 
F19 33.22 66.78 2 
F20 34.48 66.62 2 
F21 19.01 80.99 2 
F22 12.8Q 87.11 2 
F23 26.49 73.61 2 
F24 0.06 99.94 2 
F26 1.98 98.02 2 
F26 0.16 QQ.86 2 
F27 40.34 69.66 2 
F28 18.94 81.06 2 
F29 6.80 Q4.20 2 
F30 8.04 Ql.Q6 2 
F31 3.10 Q6.QO 2 
F32 37.86 62.16 2 
F33 6.21 Q3.79 2 
F34 36.66 64.34 2 
F36 38.18 61.82 2 
F36 17.90 82.10 2 
F37 1.66 Q8.34 2 
F38 6.88 Q4.12 2 
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